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Threomne-244 (T244) in the putative channel-forming M2 segment of the neuronal a7 acetylchohne receptor (AChR). a residue proposed to form 
part of the selectivity filter, was mutated to aspartic acid to examine the influence of a negative charge on AChR ion permeation properties. Wild 
type (AChRa7wt) and mutant (AChRa7D244) acetylcholine receptors expressed in Xenopus oocytes give rise to acetylcholine (ACh)-activated, 
a-bungarotoxin-sensitive, catton-selective iomc currents. AChRa7D244 exhibited larger currents than AChRa7wt that, in addition, activated at 
lower ACh concentrattons. The relative tonic permeabtlity (P,IP,,,) of AChRa7wt to K’ was P,IP,, = 1 7 and to Ba’+, P’,,/P,, = I .4. In contrast, ,_, 
AChR a7D244 was less selecttve in discrimmating between K’ and Na’. P,/P,, = 0 95, but exhibited a remarkable increase in permeability to 
Ba’+, P’,,/P,, = 3.7. Furthermore, only mutant receptors were permeable to Mg”. Hence. a rmg of negatively charged residues in the putative 
pore-fonmng segment of the receptor increases the permeability to divalent cations. Our results substantiate the notron that T244, or its eqmvalent, 
in the M2 transmembrane segment of cholinergic receptor channels IS a key structural determmant of the selectivity filter. 
Channel protein, Ionic selectivrty: Ionic pore; a-Helix: Signal transduction 
1. INTRODUCTION 
L&and-activated ion channels play a fundamental 
role in signal transduction processes in the nervous sys- 
tem [ 11. On the basis of amino acid sequence and hydro- 
phobicity plots [l-5], members of the superfamily of 
l&and-gated channels display the occurrence of three 
major structural domains: (i) a large extracellular N- 
terminal domain, presumably containing the ligand 
binding sites; (ii) a large intracellular domain with mul- 
tiple consensus sequences for protein kinases; and (iii) 
four putative transmembrane segments, Ml, M2, M3, 
and M4, with predicted a-helical secondary structure. 
However, the structure of the acetylcholine receptor 
(AChR) from Torpedo at 9A; resolution indicates that 
the pore is formed by a bundle of five a-helices, one 
contributed by each subunit, perhaps surrounded by a 
rim of /?-sheets [6]. 
Several lines of evidence point to M2 as the trans- 
membrane segment implicated in forming the pore of 
the ligand-gated ion channels: (i) M2 is amphipathic 
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and highly conserved among all members of this super- 
family [4,6-S]; (ii) in cation-selective channels M2 con- 
tains negatively charged residues at the N- and C-ter- 
mini, whereas in anion selective channels it has posi- 
tively charged residues [6-g]; (iii) mutations of residues 
in M2, presumed to face the aqueous pore, modulate 
ion permeation properties of the receptor channel [2,99 
161; (iv) photolabeling experiments using open channel 
blockers identified specific amino acid residues of M2 
as part of the high affinity binding site [2]; (v) synthetic 
monomeric peptides that mimic the amino acid se- 
quence of M2 from Torpedo culijbrnica AChR 6 subunit 
and from the Glycine receptor a subunit form, when 
reconstituted in lipid bilayers, discrete cation and anion 
selective ion channels, respectively [17-191; (vi) NMR 
studies show that the M2 peptides from the AChR 6 
subunit [20] and the Glycine receptor a subunit [21] are 
indeed a-helical in lipid bilayers and are oriented per- 
pendicular to the membrane plane [20,21]; (vii) a syn- 
thetic channel protein consisting of five identical M2 
segments designed to mimic the predicted five helix bun- 
dle motif of the Torpedo AChR pore, forms cation- 
selective channels that match the single channel con- 
ductance of the authentic receptor [22]. 
Here, we address the question of how a negatively 
charged residue in M2, at a position thought to be 
exposed to the luminal face of the pore, modulates the 
ion permeation properties of ligand-gated ion channels. 
We use the neuronal a7 AChR as a prototype member 
of this superfamily of ion channels. The rationale for 
selecting this receptor is its structural simplicity 
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[14,23,24], namely the a7 receptor is a homo-oligomer, 
presumably with a pentameric stoichiometry. Specifi- 
cally, we have investigated the functional consequences 
of mutating the polar residue T244 in M3 to aspartic 
acid. Our results show that negative charges lining the 
aqueous pore markedly increase the AChR channel per- 
meability to divalent cations. 
2. MATERIALS AND METHODS 
A cDNA encodmg a neuronal a7 acetylcholine receptor from 
chicken bram. pCH2934-SP6 1251, was kmdly provided by Dr. Ralf 
Schoepfer. Mutagenesis was performed usmg an oligonucleotlde-di- 
rected m vitro mutagenesis kit (Bio-Rad). Mlssense mutations were 
introduced using &~t~ and ~ng- selection [26] T244 was mutated to 
aspartlc acid (D744). Mutations were confirmed by DNA sequencmg 
[37] using a sequenase kit (Umted States Biochcmlcals). 
holding potential 1 ‘,, = -80 mV, did not elicit a detecta- 
ble current; application of 10 PM ACh, however, pro- 
duced a small inward current that activated and desen- 
sitized in presence of agonist (Fig. 1A). AChRa7D244 
exhibited larger ionic currents than those observed with 
wild type receptors (Fig. 1B). Whereas perfusion with 
0.1 PM ACh did not produce a measurable current, 
ACh-activated inward currents were observed at 1 PM 
and 10 PM. The peak current exhibited by 
AChRa7D244 receptors was -200-fold larger than that 
detected with AChRa7wt (Fig. lC, inset). Channel ac- 
tivity of both AChRa7wt and AChRa7D244 was 
blocked (2 98%) after 5 min preincubation with 10 nM 
a-bungarotoxin (12 = 4: data not shown). 
cRNA transcripts were prepared from hnearlzed cDNA using the 
SP6 RNA promoter/polymeraae system [28]. Oocyte mlcromjectlon 
was as described [29,30] Briefly. oocyteb were removed form anesthe- 
tized adult female .Ye~~jp~s lue~s (Nasco. Fort Atkmsion. WI) and 
dlssoaated with 2 mg/ml of collagenabe (Type IA. Sigma Chemical 
Co.) in Ca”-free Barth’s medium [m mM: 88 NaCI, 1 KCI. 2.4 
NaHCO,. 0.87 MgSO,. 5 N-trls[hydroxymethyl]-Z-ammoethanosulfo- 
nit acid (TES). pH 7.41. Isolated folhcle-free stage V and VI oocytes 
were Injected with 50 nl cRNA dissolved m dlethylpyrocarbonate- 
treated water at 0.04 mg/ml. and maintained at 19°C m Barth’s me- 
dium [Ca”-free Barth’s supplemented with 0.4 mM CaCl, and 0.33 
mM Ca(NO&]. 
The mutation in M2 also altered the ACh sensitivity 
of the receptor, as illustrated by the dose-response 
curves for ACh (Fig. IC). The ACh concentration at 
which the current amplitudes were 50% of the maximal 
response (K,, efficacy constant) were 250 & 25 PM 
(?I = 8) and 7.5 + 0.5 PM (n = 5) with Hill coefficients 
of 1.2 ? 0.3 and 1.4 & 0.5 for AChRa7wt and 
AChRa7D244. respectively. Together, these results 
show that introduction of a negatively charged residue 
in the putative channel domain of the receptor alters its 
sensitivity to the ligand, by increasing both the ligand 
potency (200-fold larger currents) and its efficacy (35- 
fold lower K,). 
Oocytes were transferred (2-6 days) to a recording chamber (V=O 3 
ml) and were contmuously perfused (Z-4 ml/mm) with Ba”-Ringer’s 
solution [in mM: I 15 NaCI, 2.8 KCI, 1.8 BaCl,. 5 TES. pH 7.41, m the 
absence or presence of ACh supplemented with 7 PM atropme. For 
permeablhty studies the following Ringer’s solutions were used: 
115Na/2Ba (in mM): 115 NaCI, I.8 BaCl,; 90NuQBa: 90 NaCI. 25 
N-methyl-n-glucamine (NMG), 1 8 BaCI,: 5ONaiZBa: 50 NaCI. 65 
NMG. 1 8 BaCl,; 5Na/ZBa: 5 NaCI. 110 NMG, 1.8 BaCI,; ONa/?Ba. 
115 NMG, 1.8 BaCl?: ONa/SBa 110 NMG. 5 BaCI:: ONa/lOBa. 100 
NMG, 10 BaCI,, ONa/ZOBa. 80 NMG, 18 BaCIZ; ONaRMg, II5 
NMG. 2 MgCI,; ONa/20Mg: 80 NMG. 20 M&Cl,: all supplemented 
with 2.8 KC1 and 5 TES. pH 7 4. 
3.2. AChRa7D.?44 is penneuble to Nu’, Ba” ad Mg-+ 
The ionic permeability of wild type and mutant recep- 
tors to monovalent and divalent cations was investi- 
gated. To minimize the contribution of the endogenous 
Cal+-activated, -voltage dependent chloride channel to 
the measured currents [32,33], Ba” and ME’+, which 
poorly activate [33] this channel. were used. Niflumic 
and flufenamic acids, blockers of this endogenous chan- 
nel [34], were not used because they precipitated in pres- 
ence of Ba” and Mg’+. To discern the currents carried 
by divalent cations. the experiments were performed in 
Na+-free Ringer’s solution. 
Whole cell currents were recorded under voltage clamp using two- 
microelectrodes (Turbo TEC OIC. NPl Electromcs. Tamm. Germany) 
[39-311. Records were digitized at 0.5-Z bHz and filtered 0.1&l h-Hz 
using an Axon TI-1 Interface (Axon Instruments. Burlmgame, CA) 
connected to a 386-based computer (Everex. Fremont. CA). Axotape, 
pClamp 5.5 and Sigmaplot 4.1 program packages were utilized for 
data acquisition and analysis. Oocyte experiments were performed at 
22 + 2°C All processed data are given as mean +S D. with II 2 4 
3. RESULTS AND DISCUSSION 
3.1. AClzRa7D244 e.upresses finctiorml receptors in 
ooq*tes 
ACh activated inward currents in both AChRa7wt 
(Fig. 2, top panels) and AChRcr7D244 (Fig. 2. bottom 
panels) at two different extracellular [Ba”]: 1.8 mM 
(ONa/2Ba) and 18 mM (ONaQOBa). Wild type receptors 
exhibited a small inward current in ONa/2Ba Ringer’s 
solution, that augmented with increasing the extracellu- 
lar [Ba’+] (ONa/‘OBa Ringer’s medium). A similar effect 
was observed when the external [Na’] was increased to 
115 mM (115Na/3Ba Ringer’s solution, Fig 1A.). Under 
the same conditions, AChRa7D244 displayed much 
larger ACh-evoked ionic currents (Fig. 2, bottom). To- 
gether, these data indicate that both wild type and mu- 
tant receptors are permeable to cations. 
Injection of AChRa7wt or AChRa7D244 cRNA into A more striking result was obtained with Mg’+. At 
oocytes evoked ACh-activated responses, as illustrated extracellular [Mg”] of 2 mM (Fig. 2. ONaMMg) or 20 
in Fig. 1A and B. Perfusion of oocytes expressing the mM (Fig. 2, ONaROMg). AChRa7wt did not produce 
homomeric AChRa7wt with 0.1 PM or 1 ,uM ACh, at detectable ACh-evoked ionic currents. This lack of 
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Fig. 1. AChRa7wt and AChRa7D244 express ACh-activated currents 
m Xenopus oocytes with distinctive functional propertres. Current 
responses elicited by ACh @M) at V,, = -80 mV from oocytes ex- 
pressing weld type (A) and mutant (B) receptors. Traces were filtered 
at 300 Hz. A downward deflection indicates inward current A ow. ON 
and OFF denote initation and cessatron of ACh pulse. (C) Dose- 
response curves. ACh-eldted peak currents were measured at 
Vh = -40 mV. and normahzed to that evoked by 1 mM ACh and 10 
/*M ACh for wild type and mutant receptors, respectrvely. Each point 
represents the mean + S.D. wrth n z 4. Sohd lines depict theoretrcal 
fits to a Michaelis-Menten binding isotherm given by I/I,,,,, = K,[ag- 
onist]‘/( l+[agonist]“), where I is the peak current, h the Hill coefficrent, 
K, the efficacy constant for the agonist and I,,,,, the maxlmal current. 
Inset. Peak currents elicited by 10 ,uM ACh. Values are given as mean 
+ SD with n 2 10. 
channel activity was independent of the applied voltage 
or the agonist concentration, indicating that wild type 
receptors are not permeable to Mg’+. Furthermore, no 
ACh-activated outward current, reflecting the efflux 
of K+, was observed at the voltages tested 
(-80 5 v 5 +20 mV), suggesting that Mg’+ may block 
the channel. Conversely, mutant receptors did exhibit 
ACh-activated currents in presence of extracellular 
Mg’+ and, as for Ba”, currents increased with extracel- 
lular [Mg”] as expected for a permeant ion. 
The permeability of both receptors to monovalent 
and divalent cations was determined from reversal po- 
tential measurements (V,) (Fig 3). In normal Ringer’s 
solution (11_5Na/2Ba), wild type receptors exhibited 1-P’ 
curves with a conspicuous inward rectification (Fig. 
3A), and a V, = -4.3 + 3.2 mV (n = 10). Removal of 
Na’ from the external medium, shifted the V, closer to 
the resting potential for K’, V, = -54 k 4 mV, (n = 7). 
This effect was reversed by increasing the external [Ba”] 
(Fig. 3A); in ONa/20Ba Ringer’s solution, I’, = -1.0 & 
4 mV (n = 13). 
For mutant receptors, the I’, measured in normal 
Ringer’s medium was shifted towards more positive po- 
tentials, +5.1 & 3.8 mV (II = 13) (Fig. 3B). In addition, 
incorporation of a negative charge in the channel do- 
main removed the strong inward rectification shown by 
AChRa7wt (Fig. 3A). In the absence of extracellular 
Na’, V,= -32 1 3 mV (n = 9). As for wild type channels, 
an increment of the external [Ba”] shifted V, to +17 5 
5 mV (n = 8) (Fig. 3B). In all conditions explored, 
AChRa7D244 reversed at more positive potentials than 
those displayed by AChRa7wt (Fig. 3C). suggesting a 
higher permeability of the mutant channel to Na’ and 
Ba”. 
The V, of the mutant receptor was also modulated by 
the external [Mg”] (Fig.3C). In ONa/2Mg Ringer’s solu- 
tion V, = -57 2 6 mV (n = 9) and shifted to -25 + 4 mV 
(n = 10) when the external buffer was ONa/20Mg. Note 
that for wild type receptors no ionic current was de- 
tected in Mg”-Ringer’s solutions. 
Collectively, these data demonstrate that both wild 
type and mutant receptors are permeable to monovalent 
and divalent cations. Furthermore, AChRa7D244 dis- 
plays a higher permeability to divalent cations than 
AChRct7wt. In addition. the AChRcr7D244 exhibits a 
higher permeability to Ba’+ than to Na’ and Mg”, 
suggesting a correlation between dehydration energy of 
the cation and permeation through the channel [l]. 
3.3. AChRa7D244 has a higher relative permeabili@ to 
divalent over monovalent cations 
To rigorously assess the increment in divalent cation 
permeability consequent to the mutation, we measured 
reversal potentials at different extracellular concentra- 
tions of Na’ and Ba’+ (Fig. 4). For both cations, V, 
increases linearly with the logarithm of the external cat- 
ion concentration (Fig. 4, insets). as predicted by the 
Goldman-Hodgkin-Katz (GHK) equation for a cat- 
ion-selective channel [l]. To include both monovalent 
and divalent cations, the GHK equation is [35, 361: 
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AChRcx7D244 
ONa/ZBa ONa/ZOBa ONa/ZMg ONa/ZOMg 
Ftg. 2. AChRa7D244 is permeable to Ba’+ and Mg’+. ACh-evoked inward currents recorded m ONa/ZBa, ONaROBa, ONa/ZMg and ONa/20Mg 
Ringer’s solutions from AChRcr7wt (top) and AChRa7D244 (bottom) espressed m oocytes ACh was 20 PM and V,, = -80 mV. 1 and ? denote 
imttatton and cessatton of agonist pulse, respecttvely Recordmgs were filtered at 100 Hz. Composition of Rmger’s soluttons as detailed m 
section 2. 
I/ =RTln 
[NaJ, + $ [K], + 4 2 [Bak, 
Na N‘l 
r 
F 
[Na], + ” [K], + 4 > [Ba],exp(FV,lRT) 
Na Nd 
P 
where P,, = 
Bd 
1 + exp(FV,lRT)‘ 
P,IPN, and PB,IPN, 
represent the relativepetieabilities of K’ and Ba’+, [Xl, 
and [Xl, are the extracellular and intracellular concen- 
trations of the permeant ion (Na’, K’, and Ba2+), and 
RTIF is 25.3 mV at 20°C [I]. Hence, the relative ionic 
permeabilities, P,IP,, and P’,,IPN,, are readily ob- 
tained from measurements of V, at different external ion 
concentrations. We assume that [Na’], = 10 mM, [K’], 
=I20 mM, [Ba”], = 0, and consider negligible the ani- 
onic contribution to the GHK equation. The experi- 
mental data depicted in Fig. 4A are readily fitted to the 
GHK equation using a non-linear least-squares regres- 
sion algorithm [37] and substituting [K’], = 2.8 mM 
and [Ba”‘], = 1.8 mM. The relative permeability values 
obtained for wild type AChRs were P,IP,, = 1.2 k 0.1 
(best fitted value IL error fit) and P’JPNa = 1.4 + 0.2. 
Corresponding values for mutant receptors were P,/ 
P,, = 0.95 f 0.1 and P’,,IP,, = 3.7 k 0.1. A similar 
result was obtained when the data shown in Fig. 4B 
were fitted to the GHK equation, using [Na+], = 0. No- 
tice, however, that at high [Ba”], a deviation from the 
theoretical prediction occurs, indicating that the con- 
stant field approximation of the GHK model can not 
account for the experimental data. More complex mod- 
els, which consider specific interactions of the permeant 
ions with residues lining the lumen of the pore. should 
be taken into account to explain this deviation [1,36]. 
Here, we report that a ring of acidic residues lining 
the proposed aqueous pathway of the neuronal 017 re- 
20 
-20 
-40 
-60 
c / B 
-80 -40 0 40 
VOLTAGE (mV) 
OAChRn7wt 
mAChRu7D244 ONa,nOBa 
-7 
ON~/Zbig 
ONa/POMg 
** 
Fig. 3. AChRa7D244 has a higher relatrve permeabtlity to divalent 
cations than AChRa7wt. I-Vcurves for weld type (A) and mutant (B) 
receptors. (-O-) ONa/2Ba. (-v-) 115Na/2Ba and (-W) ONalfOBa 
Ringer’s solutions. Currents were elicited by 100 FM ACh. and nor- 
mahzed to that evoked at L’,, = -80 mV. Each data point has an 
experimental error of 5 20% (n 2 8). (C) C: obtained from I- r’curves. 
(*) and (**) mdtcate that no ACh responses were detected in ONa/2Mg 
or ONa/ZOMg Ringer’s medmm. Values are given as mean + S.D. with 
n 2 8. 
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Fig. 4. AChRa7D244 exhtbits a higher relative permeabihty to dtva- 
lent over monovalent cations. V, was obtained from I-V curves (Fig. 
3). External ionic concentrations are detailed in section 2. (-ci-) 
AChRa’lwt, (-•-) AChRa7D244. Values are mean + SD. wtth 
4 5 n 5 13. Solid lines depict theoretical fits to the GHK equation (see 
section 3). 
ceptor modulates its ionic selectivity, primarily increas- 
ing the relative permeability to divalent over mono- 
valent cations. It is intriguing, however, that the incor- 
poration of a single negatively charged residue in the 
putative channel-forming M2 segment drastically alters 
both its ion permeability and its sensitivity to ACh. It 
might be argued that the observables are consequence 
of a major conformational alteration of the protein to 
accommodate the negative charge, rather than an spe- 
cific effect of introducing an acidic residue to the pore 
lining [ 12,13,23], or that the expression of mutant recep- 
tors in oocytes is more efficient than that of wild type. 
However, the mutant receptor exhibits the full comple- 
ment of properties characteristics of the wild type recep- 
tors suggesting that a drastic folding change on the 
mutant protein is unlikely [21,22]. Since the mutation is 
in a domain distant from the ligand binding site [2,6], 
the alterations on ACh sensitivity may reflect a pertur- 
bation in the energetics of channel opening rather than 
a change in ligand affinity [38]. The larger ACh re- 
sponses of mutant receptors may be accounted for by 
an increase in the single channel conductance or in 
channel open probability or in both. Considering that 
the aqueous pore is formed by a pentameric arrange- 
ment of M2 segments [6], computer models show that 
a ring of negatively charged residues enlarges the pore 
area at the mutated position (data not shown). Accord- 
ingly, an increment of the single channel conductance 
would be anticipated. Preliminary single channel re- 
cordings indeed show that AChRa7D244 exhibits a sin- 
gle channel conductance of = 90 pS (Patten, C., Ferrer- 
Montiel, A.V. and Montal, M. unpublished observa- 
tions). contrasted with the 45 pS conductance character- 
istic of AChRa7wt [23,24]. 
In conclusion, our data support the notion that T244, 
or its equivalent, in the M2 transmembrane segment of 
cholinergic receptor channels is a fundamental struc- 
tural determinant of the selectivity filter. The drastic 
increase in sensitivity of the mutant receptor to ACh 
implies a concerted interplay between two distant do- 
mains, namely the extracellular domain containing the 
agonist binding sites and the pore-forming domain. 
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